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We previously described the isolation of ysi2-1 due to its genetic interaction with Aypt51/vps21, a mutant with
a deletion of the coding sequence for the yeast Rab5 homolog, which regulates endocytic traffic between early
and late endosomes. Here we report that YsI2p is a novel 186.8-kDa peripheral membrane protein homologous
to members of the Sec7 family. We provide multiple genetic and biochemical evidence for an interaction
between Ysl12p and the Arf-like protein Arllp, consistent with a potential function as an Arf guanine
nucleotide exchange factor (GEF). The temperature-sensitive alleles ys/2-307 and ysi2-316 are specifically
defective in ligand-induced degradation of Ste2p and a-factor and exhibit vacuole fragmentation directly upon
a shift to 37°C. In living cells, green fluorescent protein (GFP)-YsI2p colocalizes with endocytic elements that
accumulate FM4-64. The GFP-Ysl2p staining is sensitive to a mutation in VPS27 resulting in the formation of
an aberrant class E compartment, but it is not affected by a sec7 mutation. Consistent with the idea that YsI2p
and Arllp have closely related functions, Aarll cells are defective in endocytic transport and in vacuolar

protein sorting.

Arfs constitute a ubiquitous subfamily of small GTPases in
eukaryotes originally isolated as activators of cholera toxin-
catalyzed ADP-ribosylation of purified Gas (24) that are now
known as critical and highly conserved components of diverse
vesicular trafficking pathways and other cellular processes (34).
The same Arf protein can regulate the formation of vesicles
involved in a wide variety of transport steps. For example, the
two yeast Arf family members Arfl and Arf2, which are 96%
identical and functionally interchangeable (51), function in
transport through the endoplasmic reticulum (ER)-Golgi an-
terograde pathway and the Golgi-ER retrieval pathway and in
reactions involving transport through the endosomal system
(13, 29, 57).

Within the Arf family, the subgroup of the Arf-like (Arl)
proteins has been defined based on sequence and functional
relatedness (26). Arl proteins are structurally more divergent,
with 40 to 60% sequence identity when aligned to any Arf
protein or to each other. Arl proteins lack Arf activity, and,
despite the fact that they contain a glycine at position 2, some
(28, 45) but not all Arls may be subject to N myristylation, a
modification that is essential for Arf function. Despite these
variations, the structural resolution of human Arl3 and yeast
Arllp has provided evidence to place Arls into the Arf sub-
family (2, 19). Functional overlap between Arf and Arl pro-
teins was also revealed in a recent study (54). However, in
contrast to the wealth of functional data on Arf proteins, very
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limited information on the role of Arl proteins in cellular
physiology exists.

Small GTPases of the Rab/Ypt family constitute another
large group of proteins with essential roles in membrane traf-
ficking. These proteins are highly compartmentalized, making
them excellent candidates for determining transport specificity
and organelle identity (58). In the process of yeast endocytosis
the homologues of mammalian Rab5, Ypt51p/Vps2lp,
Ypt52p, and Ypt53p have been implicated in the regulation of
transport between early and late endosomes (41, 47, 48).
Ypt5S1p/Vps21p has been shown to be independently involved
in Golgi-to-endosome trafficking (14, 21).

Rab/Ypt and Arf proteins are inactive in the GDP-bound
form. Activation, which requires replacement of bound GDP
with GTP, is accelerated by guanine nucleotide exchange fac-
tors (GEFs), which serve as important regulators of Rab/Arf
activity (34). While the GEFs for members of the Rab/Ypt
family that have been identified generally have little similarity
in primary sequence, several Arf GEFs that have homology
with a domain of Sec7p have been identified (22). The so-
called Sec7 domain, an approximately 200-amino-acid region,
is, however, the only region of significant sequence similarity
between Sec7p and other Arf GEFs. For most members the
Sec7 domain alone is sufficient for guanine nucleotide ex-
change activity (4, 7, 23).

Here we report the sequence analysis and initial functional
characterization of novel yeast protein Ysl2p, which represents
a remote member of the Sec7 family of Arf GEFs. Ysl2p
associates peripherally with endosomal elements and plays a
role in endocytosis and the maintenance of vacuole structure.
Genetic evidence and biochemical data suggest an interaction
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TABLE 1. Strains used

Source or reference

Yeast strain Genotype
BS64 MATa his4 ura3 leu2 lys2 barl-1
BS188 MATo his4 ura3 leu?2 lys2 barl-1

47
49

RH732 MATa his4 ura3 leu2 lys2 pep4::URA3 barl-1 H. Riezman, Basel, Switzerland
RH1201 MATa/a his4/his4 ura3/ura3 leu2/leu?2 lys2/lys2 barl-1/barl-1 H. Riezman
BS694 MATa his4 ura3 leu2 lys2 ysi2::kan" barl-1 This study
BS747 MATa/a his4/his4 ura3/ura3 leu2/leu?2 lys2/lys2 ysi2::kan"lysi2::kan"barl-1/barl-1 This study
BS817 MATa/o his4/his4 ura3/ura3 leu2/leu2 YSL2::GFP-kan'/YSL2::GFP-kan" sec7/ This study
sec7 barl-1/barl-1
BS819 MATa/o his4/his4 ura3/ura3 leu2/leu2 YSL2::GFP-kan"/YSL2::GFP-kan" barl-1/ This study
barl-1
BS953 MATa/o his4/his4 ura3/ura3 leu2/leu2 YSL2::GFP-kan'/YSL2::GFP-kan" vps27/ This study
vps27 barl-1/barl-1
BS1005 MATa his4 ura3 leu2 lys2 arll::kan" barl-1 This study
BS1019 BS747 + pBS207 This study
BS1020 BS747 + pSF307 This study
BS1021 BS747 + pSF316 This study
BS1022 BS694 + pBS207 This study
BS1023 BS694 + pSF307 This study
BS1024 BS694 + pSF316 This study
BS1025 BS694 + pRS426-ARL1 This study
BS1103 MATa his4 ura3 leu2 lys2 arll::URA3 barl-1 This study
Y190 MATa gal4 gal80 his3 trp1-901 ade2-101 ura3-52 leu2-3,112 + Steve Elledge, Houston, Tex.

URA3::GAL—lacZ LYS2::GAL—HIS3 cyh"

between YsI2p and the Arf-like small GTPase Arllp. We re-
veal that Arllp participates in endocytosis and vacuolar pro-
tein sorting. These results provide novel insights into the in-
volvement of a new Sec7 family member and an Arl small
GTPase in membrane trafficking within the endosomal system.

MATERIALS AND METHODS

Strains, media, and plasmids. Strains used in the study are listed in Table 1.
Unless otherwise indicated, they were grown in complete medium (yeast extract-
peptone-dextrose [YPD]) or synthetic dextrose (SD) growth medium to early
logarithmic phase (0.5 X 107 to 2 X 107 cells/ml) at 25°C in a rotary shaker. To
select for transformants carrying the kan" marker, YPD plates containing 200 mg
of G-418 sulfate (Calbiochem)/liter was used.

The plasmids used are listed in Table 2. All DNA manipulations were by
standard techniques. Escherichia coli strain DHS5«a was used for cloning, and
BL21(DH3) was used for expression of glutathione S-transferase (GST) fusion
proteins.

Sequence analysis of YsI2p. To assign putative functional domains within
Ysl2p, neighborhood sequence analysis was performed. Homologues (producing
an expectation value of less than le-14) to the query sequences, identified by
searching the SWALL database (http://www.ebi.ac.uk/bic_sw/) were analyzed for
their domain compositions. Once these were assessed, the ClustalW algorithm
(52) was used to align YsI2p against a multiple alignment of sequence fragments
encompassing the domains identified in the homologues. Secondary structure
prediction analysis was performed by using the PSI-PRED algorithm (32). All
sequence identifiers were taken from entries of the SWALL database. The
output residue groupings in Fig. 1 were taken from the CHROMA program
(http://www.lg.ndirect.co.uk/chroma/index.htm).

Endocytosis of LY, FM4-64, Ste2p, and **S-a-factor. Lucifer yellow CH (LY)
internalization experiments were performed with cells grown at 25°C as de-
scribed previously (47). To determine the effect of a temperature shift to 37°C
prior to LY internalization, strains were incubated at 37°C for 20 min prior to
labeling with LY at 30°C for 1 h.

FM4-64 labeling was performed essentially as described previously (55) with,
however, less FM4-64 (0.01 mM, final concentration). After incubation at 0°C for
30 min in SD medium, cells were washed, resuspended in SD medium pre-
warmed to 15°C, and incubated for 30 min at 15°C to accumulate the endocytic
tracer in endosomal elements. Finally, cells were harvested, resuspended in fresh
SD medium, and immediately viewed with a Zeiss Axiophot microscope
equipped with appropriate Zeiss filters for green fluorescent protein (GFP) and
FM4-64 fluorescence.

To monitor the pheromone-induced endocytosis of Ste2p, the method of
reference 18 was used. Cells were removed after 0, 7.5, 15, 30, 60, and 120 min
of incubation with a-factor at 30°C. Cell extracts were prepared and processed
for immunoblotting with anti-Ste2p antiserum. Extracts of BS188 cells (MAT«),
treated for 10 min with cycloheximide, served as a control for the specificity of
the anti-Ste2p antiserum. Quantification of Ste2-specific bands was performed
with a phosphorimager (Molecular Dynamics) and '**I-protein A by immunoblot
analysis.

Pheromone degradation assays were performed with biosynthetically labeled
35S-a-factor using the pulse-chase protocol (10). The disappearance of intact and
internalized a-factor was quantified as described before (10) with the help of the
phosphorimager after an exposure time of 9 days.

Transmission electron microscopy. Yeast cells were cryoimmobilized by high-
pressure freezing as described previously (20). In short, living cells were sucked
into cellulose microcapillaries 200 wm in diameter and 2-mm-long capillary tube
segments were transferred to aluminum platelets 200 pm deep containing
1-hexadecene. The platelets were sandwiched with platelets without any cavity
and frozen with a high-pressure freezer (Bal-Tec HPM 010; Balzers). The frozen
capillary tubes were freed from extraneous hexadecene under liquid nitrogen and
transferred to microtubes containing the substitution medium precooled to
—90°C. Samples were kept in 2% osmium tetroxide in anhydrous acetone at
—90°C for 32 h, at —60°C for 4 h, and at —40°C for 8 h, at each step in a freeze
substitution unit (FSU 010, Bal-Tec; Balzers). After being washed with acetone
the samples were transferred into an acetone-Epon mixture at —40°C, infiltrated
at room temperature in Epon, and polymerized at 60°C for 48 h. Ultrathin
sections stained with aqueous uranyl acetate and lead citrate were viewed in a
Philips CM10 electron microscope at 60 kV.

Invertase secretion. Cells grown at 25°C in YPD (5% glucose) were washed in
yeast extract-peptone and resuspended in YPD (0.1% glucose) at 0.5 unit of
optical density at 600 nm/ml to allow for the derepression of invertase. After a
30-min incubation at 30°C, cells were either left at 30°C or shifted to 37°C.
Samples of 1 ml were removed after 0, 50, 60, and 70 min of incubation in YPD
(0.1% glucose), transferred to 0°C, supplemented with NaN; (10 mM, final
concentration), washed with ice-cold 10 mM NaNj, and processed for the anal-
ysis of total and external invertase activity by the method of reference 15.

Pulse-chase labeling and immunoprecipitation of CPY. Pulse-chase labeling
and immunoprecipitation of carboxypeptidase Y (CPY) were performed as de-
scribed previously (49).

Generation of temperatur itive ysi2 alleles by PCR mutagenesis. PCR
mutagenesis was performed as described previously (36) with the 2.38-kb Hpal/
Hpal fragment of the YSL2 open reading frame (ORF) as the template and
oligonucleotides 5'Sac-YSL2 (5'-TGGTGGATCCAAATATAC-3') and 3'Pac-
YSL2 (5'-TGATCAATTGTACTAATG-3") annealing 228 bp upstream and 185
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TABLE 2. List of plasmids

MoL. CELL. BIOL.

Plasmid Characteristics Source or reference

pBS207 YSL2 in YCp50, isolated from genomic YCp50 library, includes This study
coordinates 67948 to 78118 of chromosome XIV

pBS313 Nhel/Sall fragment of YSL2 in YEp24 This study

pBS337 Nhel/Sall fragment of YSL2 in YIp5 This study

pSF307 Carries ys/2-307, derived from pBS207 by PCR mutagenesis This study

pSF316 Carries ysi2-316, derived from pBS207 by PCR mutagenesis This study

pFA6-kanMX4 Contains kan" 56

pMKS81 Same as pFA6a-GFP(S65T)-kanMX6 30

pRS426-ARL1 Contains BamHI/Xhol fragment of ARLI including 446 bp 5’ of ATG This study
and 136 bp 3’ of stop codon

pRS426-ARL2 Contains BamHI/Xhol fragment of ARL?2 including 485 bp 5’ of ATG This study
and 204 bp 3’ of stop codon

pRS426-ARL3 Contains BamHI/Xhol fragment of ARL3 including 492 bp 5’ of ATG This study

pFL-ARF1
YEpARF2
pBSK-Aarl1::URA3
pACTII-18aaARL1 ™3

pACTII-18aaARL134
pACTII-18aaARL1°7?-
pGEM1-ARL] N
pGEMI-18aaARL1T32N
pAS1-Ysl2Sec7
pACTII-YsI2Sec7

and 291 bp 3’ of stop codon
ARF1I, 2pm, URA3
Sall/Pstl fragment of ARF?2 inserted into YEp352
Clal/EcoRI fragment with arll::URA3 disruption cassette in pBSK-
BamHI/Xhol fragment of ARLI™N (encodes amino acids 19 to 183) in
pACTII
See pACTII-18aaARL1T32N, but G30A
See pACTII-18aaARL1T32N, but Q72L
HindII1/Sall fragment of ARLI™*N in pGEM1(HindIIl/Xhol)
HindI11/Sall fragment of —18aaARL1™*N in pGEM1 (HindIIl/Xhol)
BamH]I/Sall fragment of YSL2 (encodes amino acids 211 to 514) in pAS1
BamHI/Sall fragment of YSL2 (as in pAS1-Ysl2Sec7) in pACTII(BamHI/

Cathy Jackson, Bethesda, Md.
Cathy Jackson

This study

This study

This study
This study
This study
This study
This study
This study

Xhol)
pAS1-YPT5154!N
pGEXS5-Ysl2Sec7
pGEXS5-YsI2Nterm

pGEXS5-3

BamH1/Sall fragment of YPT515*™ in pAS1
BamH]I/Sall fragment of YSL2 (as in pAS1-Ysl2Sec7) in pGEX5-3
BamHI/Sall fragment of YSL2 (encodes amino acids 2 to 514) in

This study
This study
This study

bp downstream of the internal Sacl and Pacl restriction sites of YSL2, respec-
tively. In the PCR, 4.8 mM MgCl,, 0.2 to 0.4 mM MnCl,, 0.2 mM dATP, 1 mM
dCTP, 1 mM dGTP, and 1 mM dTTP were used. After purification of the PCR
products using glass milk they were cotransformed with SacI- and PacI-digested
pBS207 into strain BS747. Approximately 4,600 transformants were screened for
growth at 25 and 37°C. Mutant plasmids were rescued from colonies that re-
vealed growth at 25 but not 37°C and retransformed into BS747 to confirm the
plasmid dependence of temperature-sensitive growth.

Generation of YSL2 and ARLI gene disruptions. Large internal portions of
genes YSL2 and ARLI were deleted from the genome and replaced with the kan®
OREF of E. coli. For this, a simple PCR-based strategy was used to generate the
kanMX module from plasmid pFA6-kanMX plus flanking regions of the genes to
be disrupted (56). The generated PCR products were approximately 1,500 bp
and were transformed into homozygous diploid strain RH1201, which was sub-
jected to sporulation and dissection to obtain haploid deletion strains. Primers
used were S1YSL2 (5'-CTCATCTCGCGATGGAGATTCAATTAAAAGTTT
TACAGGTGGTACCCATTCGTACGCTGCAGGTCGAC-3"), S2YSL2 (5'-G
CTATTCTATTTCTCAGGTTAGAACATGACATATAGCTGATTGCCTCA
AATCGATGAATTCGAGCTCG-3'), SIARLI (5'-CTAAGAAGAAAGTTCC
AGTAAAGTGAGTTATAGATCAAGATGGGTAACGTACGCTGCAGGT
CGAC-3'), and S2ARLI (5'-ATCTTTATCGCTATAACTGTTCCTCTTTTAT
AACATCAATCAACCAATCGATGAATTCGAGCTCG-3").

A second ARL]I disruption cassette containing URA3 was generated. By PCR,
the genomic flanking regions on either side of the ARL! ORF (—153 to 32
[5'FR] and 625 to 827 [3'FR]) were amplified from pRS426-ARLI1. The PCR
products were cloned into pBSK(-) by using Clal and EcoRI restriction sites
introduced by PCR. The resulting plasmid was opened with HindIII, and a 1.2-kb
URA3 fragment was ligated between the 5'FR and the 3'FR. Plasmid
pBSK-Aarll::URA3 was linearized with Clal and EcoRI and used to transform
BS64 in a one-step gene replacement. Ura™ transformants were analyzed by
PCR to verify the disruption of ARLI.

Construction of GFP-tagged YslI2p. The chromosomal YSL2::GFP version was
introduced with the help of the kan" marker. A PCR-based strategy was used to
generate the GFP-kanMX module from plasmid pFA6a-GFP(S65T)-kanMX6
(30). Oligonucleotides 5'GFP-YSL2 (5'-GATGGCCTCCAAGATAAAGTTTT
GGAATTATCACTTGGATTTACGAAACTAGACCGTACGCTGCAGGTC

GAC-3') and 3'GFP-YSL2 (5'-CACACAACTATTTCTATAAGCATATCATA
CATACTACAATCTTATGTATATCGATGAATTCGAGCTCG-3') contained
at their ends additional 45-bp sequences homologous to the very 3’ end of the
YSL2 ORF (without a stop codon) and to a region 3’ of the YSL2 stop codon.
This allowed the targeted integration of the PCR products at the 3’ end of the
YSL2 locus. Upon transformation of the PCR products into diploid strain
RH1201, transformants resistant to G-418 sulfate were purified and correct
integration was verified by PCR. Subsequently, a heterozygous YSL2/YSL2::GFP
strain was subjected to sporulation and tetrad dissection to obtain haploid
epitope-tagged strains that grew indistinguishably from the wild type.

Generation of arll mutants. DNAs encoding Arl1T32N Arl1630A
and Arl197?L point mutants were generated by directed mutagenesis of ARLI
DNA using a PCR-based protocol (3) and mutant primers 5'-GTAAACGATA
TAAGATGGTATTTTTACCTGCACCATCCAAACC-3' (T32N), 5'-GTAAA
CGATATAAGATGGTAGTTTTAGCTGCACCATCCAAACCC-3" (G30A),
and 5'-GTAGGGCCTGATACTTGTCAAACCACCAAGATCCCAGAC-3’
(Q72L), respectively. As flanking primers 5'-TGGTGGATCCCAATGGGT
AACATTTTTAGTTC-3’ and 5'-ACAGCTCGAGAAACATGTATACAC
T-3" (3’ARL1,Xho) were used and pRS426-ARL1 was used as the template.
The PCR products were digested with BamHI and Xhol and subcloned into
pACTII to generate pACTII-ARL1™3?N, pACTII-ARL1%%A, and pACTII-
ARL1°97%L respectively. PCR fragments encoding the N-terminal 18-amino-
acid truncations of arll mutants were generated with pACTII-ARL1T32N,
PACTII-ARL1%39A " and pACTII-ARL197? as the DNA templates and
primers  5'-TGGTGGATCCCATTGCGTATATTGATTTTGGG-3" and
3'ARL1,Xhol. Subcloning the PCR fragments into pACTII was performed as
described above. Two PCR fragments encoding ARL1™?N  and
—18aaARL1T3?N were generated with primers 5'-TACCAAGCTTGTCAAC
ATGGGTAACATTTTTAGTTC-3" and 5'-TACCAAGCTTGTCAACATGT
TGCGTATATTGATTTTGGG-3', respectively, and 3’ ARL1,Xhol and with
PACTII-ARL1™3?N as the DNA template. After digestion with HindIIT and
Xhol, the PCR fragments were subcloned into pGEM1 (HindIII/Sall) for in
vitro transcription and translation from the SP6 promoter.

All PCR-amplified regions were sequenced to verify the mutations and to
exclude the presence of PCR errors.
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Generation of polyclonal antibodies against YsI2p. A 2.5-mg sample of syn-
thetic peptide representing an internal sequence of Ysl2p plus an additional
N-terminal lysine (KRVHSFEELERHPDFA) was coupled to 4 mg of keyhole
limpet hemocyanin as described previously (48). The immunization of rabbits
was carried out by Eurogentec (Seraing, Belgium).

An affinity resin (Affil0-gel resin; Bio-Rad) to purify the anti-YsI2p antiserum
was prepared, and affinity purification of the anti-Ysl2p serum was performed as
described previously (48). Concentration of the affinity-purified anti-YsI2p anti-
body to 0.8 mg/ml was achieved by Centricon 10 filter devices.

Subcelluar fractionation by differential centrifugation and density gradient
centrifugation. To monitor the distribution of YsI2p and other marker proteins,
subcellular fractionation of RH732 cells (Apep4) was basically performed as
described previously (46). For the preparation of spheroplasts, 1 mg of Zymol-
yase 100T/ml (final concentration) was used. After DEAE-dextran treatment, a
precleared lysate devoid of unlysed cells was prepared by a spin at 300 X g. This
was centrifuged at 3,500 X g, 13,000 X g, and 100,000 X g to obtain P1, P2, and
P3, respectively. The supernatant of the spin at 100,000 X g corresponded to S3.
Equal amounts of protein were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and subjected to immunoblotting with
antibodies against Ysl2p, phosphoglycerate kinase, porin, alkaline phosphatase
(ALP), Sec61p, Vps10p, Kex2p, and Ypt51p using '**I-protein A as a detection
system. Flotation analysis of the P3 fraction into a Nycodenz gradient was
performed as described previously (48) using oxalyticase as the spheroplast
enzyme (0.25 mg per 5 X 10'° cells). After centrifugation, 14 fractions were
collected from the top of the gradient and equal volumes of each fraction were
processed for immunoblotting. Quantitation of immunoreactive bands was per-
formed with the phosphorimager.

Two-hybrid assays. Reporter strain Y190 was cotransformed with derivatives
of pACTII (obtained from S. Elledge, Houston, Tex.) bearing wild-type and
mutant forms of ARLI (see above) fused to the Gal4 transcriptional activation
domain and pAS1-Ysl2Sec7 encoding the Sec7 domain of YsI2p fused with the
Gal4 DNA binding domain (constructed by subcloning a 0.9-kb BamHI/Salll
fragment from pGEXS5-Ysl2Sec7 into pAS1). As a control, Y190 was trans-
formed with pAS1-YPT5152!N (YPT515%!N on a BamHI/Sall fragment was iso-
lated from pGEM-Ypt5152'N [48] and subcloned into pAS1) and pACTII-
Ysl2Sec7 (constructed by subcloning a 0.9-kb BamHI/Salll fragment from
pGEXS5-Ysl2Sec7 into pACTII). Immunoblot analysis using a monoclonal anti-
body raised against the hemagglutinin epitope confirmed that cells expressed the
corresponding fusion proteins. For quantitative assays, cells of four independent
transformants were grown on SD-Ura-Trp-His-25 mM 3-amino-1,2,4-triazole
plates for 4 days and the B-galactosidase activity was measured according to the
o-nitrophenyl-B-p-galactopyranoside assay method described previously (16).

In vitro translation of ARL1 alleles and in vitro binding studies with recom-
binant GST fusions. [**S]methionine-labeled Arl173?N, and —18aaArl1™32N
were transcribed and translated in vitro with an SP6 polymerase TnT-coupled
transcription-translation system from a rabbit reticulocyte lysate (Promega) ac-
cording to the manufacturer’s instructions. Arl1™?N was synthesized in the
presence of myristate (50 wM) bound to bovine serum albumin (6 wM). The
quality of the preparations was analyzed by SDS-PAGE and autoradiography.
The samples were quantified with the phosphorimager.

For GST pulldown experiments, two GST-Ysl2p fusion proteins were con-
structed by inserting PCR fragments encoding amino acids 2 to 514 (YsI2Nterm,
in pGEXS-YsI2Nterm) or amino acids 211 to 514 (Ysl2Sec7, in pGEXS5-
Ysl2Sec7) into the bacterial expression vector pGEXS5-3 (Pharmacia). All PCR-
amplified regions were sequenced to exclude the presence of PCR errors. GST
alone and GST fusions were expressed in BL21(DH3) cells after induction by
addition of isopropyl-B-p-thiogalactopyranoside (1 mM, final concentration).
After incubation for 3 h at 30°C, cells were harvested and stored at —20°C until
used for purification. Both GST fusion proteins were soluble and purified under
native conditions basically according to the manufacturer’s instructions. Since
the GST-Ysl2 fusions were unstable and partially degraded during the course of
the purification, after elution from the affinity matrix with 5 mM glutathione-50
mM Tris-HCI, pH 8, the GST fusions were dialyzed for 2.5 h against 20 mM
HEPES, pH 7.8-1 mM MgCl,-1 mM dithiothreitol-0.2 mM phenylmethylsulfo-
nyl fluoride with one buffer exchange. The dialysates were concentrated by
Centricon 30 filter units (Millipore), and protein concentrations were deter-
mined by using the Bradford assay. Fractions containing purified GST and GST
fusion proteins were stored in aliquots at —80°C.

For GST pulldowns, normalized (i.e., equimolar) amounts of in vitro-trans-
lated, 3>S-labeled proteins (Arl1™?N and —18aaArl1™?N) were incubated with
glutathione-Sepharose beads complexed with GST (10 pg), GST-YsI2Nterm
(9.6, 19.2, or 38.4 ng), or GST-Ysl2Sec7 (30 pg) in 0.5 ml of buffer B (115 mM
KCl, 5 mM NaCl, 20 mM HEPES [pH 7.8], 1 mM dithiothreitol, 2 mM MgCl,,
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0.05% NP-40, 100 .M GDP) for 3 h at 4°C. The beads were washed three times
with 0.5 ml of buffer B. Bound proteins were eluted with SDS-PAGE sample
buffer and subjected to SDS-PAGE, followed by autoradiography and Coomassie
staining. Quantitation of *>S-labeled proteins was performed with the phospho-
rimager.

RESULTS

Sequence analysis of YsI2p. A novel mutant, ysi2-1 (for ypt51
synthetic lethal), was previously isolated; this allele displays
synthetic lethality with the Aypt51 strain, a strain with a dele-
tion of a small GTPase that regulates transport between early
and late endosomes (49). We cloned the corresponding wild-
type gene by virtue of its ability to complement the tempera-
ture-sensitive growth of a ys/2-1 strain at 37°C. This identified
YSL2/MON?2 as ORF YNL297c (data not shown).

As deduced from the DNA sequence, Ysl2p is a protein with
an apparent molecular mass of 186.8 kDa. Although initial
analysis using transmembrane prediction algorithm TOPPRE-
DII (9) suggested the existence of six potential transmembrane
domains, analysis using more recent and accurate TMHMM
and PHDhtm predictions (42, 50) did not support the idea of
Ysl2p being a transmembrane protein (data not shown). Our
biochemical data (see below) support this assertion.

Since initial sequence analysis using the heuristic BLAST
algorithm or the HMMER profile-based search methods (1,
11) failed to assign putative functional domains within YsI2p,
we employed the so-called neighborhood analysis to provide
this information. Clear homologues to the query sequence
were analyzed for their domain compositions. The ClustalW
algorithm was then used to align Ysl2p against a multiple
alignment containing sequence fragments encompassing the
domains of the homologous proteins. We noted a very clear
bias in homology toward members of the Sec7 family. In each
case, the homology was found N terminally, followed by the
Sec7 domain. To test for the existence of an evolutionary
remnant of the Sec7 domain within YsI2p, we aligned it to a
multiple sequence alignment of Sec7 domains using the Clust-
alW algorithm. Strikingly, a clear relationship was identified
with this view (Fig. 1A; encompassing amino acids 221 to 504
of YsI2p/YN37_YEAST). The reason why BLAST failed to
detect this homology derives from the low sequence identity,
coupled with the fact that the putative YsI2p Sec7 domain
contains a number of sequence insertions. Although larger,
these insertions are still consistent with the occurrence of in-
sertions in most of the other Sec7 domains (Fig. 1A) and may
correspond to loop regions at the three-dimensional level.

To assess the secondary structural propensity of the putative
Sec7 domain of Ysl2p, we also performed secondary structure
prediction analysis using the PSI-PRED algorithm (32). In
common with the crystal structure of the ARNO Sec7 domain
(8, 35), the Ysl2p Sec7 domain was predicted to be all a-helical
in nature. Moreover, the number of predicted a-helices was
exactly consistent with the 10 found in the crystal structure of
the ARNO Sec7 domain (data not shown). This finding high-
lights the fact that, while the sequence identity reflects a
merely remotely homologous relationship to a typical Sec7
domain, the predicted underlying structural propensity is iden-
tical.

The homology to Sec7 family members was not restricted to
the Sec7 domain. We also identified a novel highly conserved
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FIG. 1. YSL2 encodes a novel protein with homology to Sec7 family GEFs. (A) Alignment of the putative Sec7 domain from Ysl2p/
YN37_YEAST (identifier in boldface red) between positions 220 and 504 with 24 other Sec7 domains, as defined by the SMART database (44).
(B) Alignment of the N-terminal region of YsI2p/YN37_YEAST (amino acids 1 to 175) with five other Sec7 family members from mammals
(Q9Y6D6/BIG1 and Q9Y6DS5/BIG2), worms (Q19338 and QIXWGS), and fission yeast (YAED_SCHPO). All sequence identifiers are taken from
the SWALL database. Amino acid symbols are coded and shaded by property: yellow with gray shading, highly conserved; others are indicated in
parentheses in the following consensus description. For the consensus sequence, the following symbols are used: +, positive (blue); —, negative
(red); *, Ser/Thr (cyan); 1, aliphatic (gray); t, tiny (green); a, aromatic (blue); ¢, charged (magenta); s, small (green); p, polar (blue); b, big (blue
with light gray shading); h, hydrophobic (black with yellow shading); s, default.
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N-terminal domain within Ysl2p (amino acids 1 to 175), which
revealed the strongest homology and conservation in position
and length when compared to the corresponding regions of
several putative Sec7 family members of fission yeast (014168,
Q9UTO02, and YAED_SCHPO), flies (Q9VLT1), and worms
(Q19338 and Q9IXWGS), which are at present poorly charac-
terized. The alignment shown in Fig. 1B includes the well-
characterized mammalian brefeldin A (BFA)-inhibited GEFs,
such as BIG1 (Q9Y6D6) and BIG2 (Q9Y6D5) (31, 33, 53). In
BIG1 and BIG2, the N-terminal region with homology to
Ysl2p and the Sec7 domain are separated by approximately
480 amino acids.

Taken together, these in silico data provide substantial evi-
dence for the existence of a remote Sec7 domain within Ysl2p
and allow us to propose that YsI2p may be a new member of
the Sec7 family.

Ysl2p is required for endocytosis and maintenance of vacu-
ole structure. To further explore the role of YsI2p in endocy-
tosis, we generated strains in which the ORF of YSL2 was
completely removed with the kan” cassette. YSL2-deleted cells
are viable but exhibit strong growth delays at all temperatures.
At 37°C, Aysi2 cells show hardly any growth (see Fig. 3A).

To monitor endocytosis, the pheromone-induced degrada-
tion of the a-factor receptor, Ste2p, was examined. After a
short pretreatment with cycloheximide to inhibit new Ste2p
synthesis, cells were harvested at various time points subse-
quent to the addition of a-factor. The degradation of internal-
ized Ste2p was assessed by immunoblotting (Fig. 2A). In wild-
type cells, before treatment with a-factor Ste2p migrates
principally as a band of 45 to 47 kDa. Soon after the addition
of pheromone a series of discrete high-molecular-mass bands
are observed due to the hyperphosphorylation and ubiquitiny-
lation of Ste2p (18) (Fig. 2A). Ste2p is then rapidly degraded
as shown previously (43). Although Aysl2 cells were not im-
paired in the kinetics of a-factor internalization at the plasma
membrane (data not shown), they exhibited a strong delay in
Ste2p turnover (Fig. 2A). While in the wild type the receptor
was completely degraded 30 to 60 min after addition of a-fac-
tor, in Aysi2 cells a large proportion of the initial 45- to 47-kDa
band of Ste2p was still present after 120 min. Furthermore, the
extent of modification leading to the high-molecular-mass
forms of Ste2p was reduced compared to that for the wild type.
We also analyzed the fate of internalized a-factor. Similar to
the original ys/2-1 mutant (49), Ays/2 cells were clearly delayed
in the degradation of the internalized pheromone (see Fig.
8D).

Unlike wild-type vacuoles, which appeared as large struc-
tures accumulating endocytic fluid phase marker LY after a
60-min incubation at 30°C, vacuoles of Ays/2 cells were highly
fragmented (Fig. 2B; see also below). The granular structures
were only weakly labeled by LY, most likely due to the reduced
rate of endocytosis.

Conditional YSL2 mutants were generated to define more
precisely the direct function of YsI2p. For this, the sequence of
YSL2 that encodes amino acids 1040 to 1494 was subjected to
PCR-mediated random mutagenesis, leading to the isolation of
mutants that grew markedly better than the Ays/2 mutant at the
permissive temperature of 25°C but that were reversibly tem-
perature sensitive at 37°C (Fig. 3A).

To analyze the effect of a temperature shift on fluid phase
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FIG. 2. The Aysl2 mutant is blocked in the degradation of Ste2p
and contains highly fragmented vacuoles. (A) Pheromone-stimulated
internalization of Ste2p was analyzed on cells (BS64 and BS694) grown
at 25°C. After a 10-min preincubation in the presence of 10 wg of
cycloheximide/ml, a-factor was added and, at the indicated times,
samples were withdrawn and processed for immunoblotting with an
anti-Ste2p antiserum. A cell extract of a-mating-type cells lacking
Ste2p is shown (« cell, BS188) to reveal a band (*) unspecifically
labeled by the anti-Ste2p serum. The positions of the 45- to 47-kDa
and lower-mobility forms of Ste2p (hp+u) are indicated. wt, wild type.
(B) LY internalization assays were performed with cells (RH1201 and
BS747) grown at 25°C. After a 1-h incubation with LY at 30°C, the cells
were washed, mounted in low-melting-point agarose, and visualized by
using fluorescence (right) and Nomarski optics (left). Bar, 10 pm.

endocytosis and vacuole morphology, two novel temperature-
sensitive alleles, ys/2-307 and ysi2-316, were characterized.
Upon internalization with LY at 30°C for 1 h, both mutants
exhibited LY-labeled vacuoles similar to those of the wild type
(Fig. 3B, ysi2-316 not shown). In contrast, a 20-min preshift to
37°C before the 1-h incubation with LY at 30°C resulted in
rapid fragmentation of the vacuole (Fig. 3B). Importantly, the
morphology of wild-type vacuoles was not affected by the pre-
shift to 37°C (Fig. 3B). Longer preincubations of mutant cells
at 37°C resulted in a more pronounced fragmentation of the
vacuole (data not shown) reminiscent of that shown by Ays/2
cells (Fig. 2B).

To confirm the dramatic change in vacuolar morphology at
the ultrastructural level, wild-type, Ays/2, and ysi2-316 cells
were quick-frozen after growth at 25°C or after a shift to 37°C
and subsequently analyzed in the electron microscope. Wild-
type and ysl[2-316 cells grown at 25°C usually contained few
(one to three) large vacuoles per central section (Fig. 3C),
which were clearly distinguishable from the nucleus by their
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FIG. 3. The temperature-sensitive ys/2-307 and ys/2-316 mutants exhibit vacuole fragmentation rapidly upon a shift to the nonpermissive
temperature and are specifically defective in the degradation of Ste2p at the permissive temperature. (A) Growth of wild-type (wt; BS1019) cells,
strains carrying temperature-sensitive alleles ys/2-307 (BS1020) and ys/2-316 (BS1021), and the Ays/2 strain (BS747 carrying the empty YCp50
vector). Cells were streaked out on YPD and incubated at 25 and 37°C. (B) LY internalization assays either were directly performed at 30°C with
cells described in the panel A legend or were performed with cells that were incubated at 37°C for 20 min prior to the 1-h incubation with LY at
30°C. After being washed, cells were visualized by using fluorescence (left) and Nomarski optics (right). Bar, 10 um. (C) RH1201 (wild type) and
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different matrix density. In contrast, ys/2-316 cells quick-frozen
after a 30-min shift to 37°C were characterized by an immedi-
ate fragmentation of the vacuolar compartment (Fig. 3C). Sim-
ilarly, Aysi2 cells and ysi2-316 cells shifted to 37°C for 2 h
exhibited a severe vacuolar breakdown (data not shown). Thus,
the data obtained by light and electron microscopy clearly
demonstrate that vacuole fragmentation was an immediate,
and therefore most likely a direct, consequence of heat inac-
tivation of YsI2p.

Since endocytosis is not essential for life, many endocytosis
mutants reveal transport defects even at their permissive
growth temperature. Therefore, it was not surprising that ys/2-
307 and ysI2-316 cells were strongly delayed in a-factor-in-
duced Ste2p degradation when grown at 25°C and treated at
30°C during receptor internalization (Fig. 3D). In contrast to
Aysi2 cells (Fig. 2B), in which primarily the 45- to 47-kDa form
of Ste2p was stabilized, ys/2-307 and ysI2-316 cells accumulated
both the 45- to 47-kDa and the hyperphosphorylated and ubiq-
uitinylated forms, suggesting that the transport block may not
be as tight as in Aysi2 cells. This notion was supported by the
fact that the rate of degradation of internalized a-factor was
slightly less delayed in the ys/2 temperature-sensitive mutants
than in Aysl2 cells (see Fig. 8D). Since at 30°C ys/2-307 and
ys12-316 cells did not reveal other transport defects (see be-
low), these findings strongly suggest that Ysl2p plays a direct
role in endocytosis.

Secretion of invertase and vacuolar sorting of CPY are
largely unaffected in conditional ys/2 mutants at the permis-
sive temperature. In the newly generated ys/2 mutants (Ays/2,
ys$12-307, and ysI2-316 mutants) the kinetics of CPY biogenesis
were comparable to those in wild-type cells (data not shown).
However, as observed for the ys/2-1 mutant (49), all other ys/2
mutants analyzed exhibited a slight missorting of p2CPY to the
extracellular space at the permissive and nonpermissive tem-
peratures. However, compared to what was found for Ays/2
cells, in ys/2-307 and ysi2-316 cells the fraction of total CPY
that was missorted as the p2 form was smaller (7.5% in ysi2-307
cells and 4% in ysi2-316 cells versus 15% in Aysl2 cells). The
small magnitude of CPY missorting displayed by all ys/2 mu-
tants, even the barely viable Ays/2 strain, argues against the
idea that Ysl2p plays a direct role in CPY sorting.

We also examined the secretion of invertase in the different
ysl2 mutants. After the derepression of invertase by incubation
in 0.1% glucose at 30 or 37°C, ys[2-307 cells exhibited a ratio of
external to total invertase that was similar to (30°C) or only
slightly reduced from (37°C) that for the wild type (Fig. 3E). In
contrast, Ays/2 cells exhibited a ratio of secreted invertase to
total invertase that was reduced at all temperatures tested. In
addition, the kinetics of invertase secretion were clearly de-
layed. Thus, while ys/2-307 cells exhibit no defect in the trans-
port of invertase, transport is impaired in Ays/2 cells.
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Ysl2p is highly enriched in a membrane fraction produced
by centrifugation at 100,000 X g that cofractionates with en-
dosomal membranes. To characterize the YSL2 gene product
and its subcellular localization, we raised an antipeptide anti-
serum which specifically recognized a polypeptide present in a
crude cell extract of the wild type whose size corresponds to
the expected size of YsI2p (186.8 kDa) (data not shown).

To determine the subcellular fraction in which Ysl2p is en-
riched, differential centrifugation of a precleared lysate was
performed at 3,500 X g (P1), 13,000 X g (P2), and 100,000 X
g (P3). The presence of YsI2p and other marker proteins in
pellet fractions P1 to P3 and the supernatant of the spin at
100,000 X g (S3) was determined by immunoblotting (Fig. 4A).
The sedimentation profile of YsI2p did not resemble that of
vacuolar marker ALP or that of the mitochondrial protein
porin. It was also clearly distinct from the sedimentation pro-
file of Sec61p, an ER marker protein. In contrast, Ysl2p was
mostly enriched in pellet fraction P3. This fraction mainly
contains small organelles such as Golgi elements (Vps10p) and
endosomes. Therefore, from differential centrifugation, it
could be presumed that a major fraction of YsI2p is likely
associated with Golgi elements and/or endosomes. Although it
is not obvious in the experiment shown in Fig. 4A, other ex-
periments have shown that a fraction of YsI2p is also present in
the cytosol.

Density gradient centrifugation of the P3 fraction revealed
that Ysl2p floated with membranes (Fig. 4B). In the gradient,
it fractionated most similarly to endosomal membranes con-
taining the small GTPase Ypt51p/Vps2lp (48) (Fig. 4B) and
Pep12p (not shown). A partial cofractionation was also found
with trans-Golgi marker proteins Vps10p and Kex2p (Fig. 4B).
Again, these data are consistent with an association of Ysl2p
with endosomes and/or the late Golgi compartment.

To analyze the nature of association of Ysl2p with mem-
branes, the P3 fraction was treated on ice with various re-
agents. While treatment with 8 M urea, 1 M NaCl, or 0.1 M
NaCOg, pH 11, resulted in a partial release of YsI2p into the
supernatant, Ysl2p was not extracted from the pelletable frac-
tion upon incubation with various detergents (data not shown).
These results suggest that YsI2p is not an integral membrane
protein but rather associates with membranes peripherally.

GFP-YsI2p colocalizes with endocytic elements labeled by
FM4-64. To directly observe Ysl2p localization in living cells,
the protein was epitope tagged with the GFP at its C terminus.
This was accomplished by the integration of a PCR product via
homologous recombination into the 3’ region of the authentic
YSL2 locus yielding a GFP fusion gene transcribed from the
endogenous promoter. Epitope-tagged GFP-YsI2p was fully
functional as the only copy of YsI2p (see Materials and Meth-
ods). Microscopic analysis of diploid cells homozygous for
YSL2::GFP revealed a punctate staining pattern showing on

BS1021 (ys/2-316) were grown in YPD at 25°C to early log phase. Cells were either directly cryoimmobilized and processed for electron microscopy
(EM) as described in Materials and Methods or shifted to 37°C for 30 min, quick-frozen, and processed for EM analysis. Thin sections were viewed
in the electron microscope. N, nucleus. (D) a-Factor-induced internalization of Ste2p was analyzed on cells (BS1022, BS1023, and BS1024) at 30°C
as described for Fig. 2A. *, band specifically labeled by the anti-Ste2p serum. (E) Invertase secretion was performed with cells listed in the panel
D legend, which were grown in YPD (5% glucose) at 25°C. Invertase derepression was induced in YPD (0.1% glucose) at 30°C for 30 min.
Subsequently the cells were either left at 30°C or shifted to 37°C. Samples were analyzed for external and total invertase activity after 0-, 50-, 60-,
and 70-min periods of invertase derepression. The values represent means of three different experiments.
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FIG. 4. Ysl2p is highly enriched in a membrane pellet fraction
produced by centrifugation at 100,000 X g and cofractionates with
endosomal membranes upon flotation into a Nycodenz gradient.
(A) Wild-type cells (RH732) were converted to spheroplasts and lysed
with DEAE-dextran. The precleared lysate was subjected to differen-
tial centrifugation at 3,500 X g, 13,000 X g, and 100,000 X g to generate
pellet fractions P1, P2, and P3 and supernatant fraction S3. Immuno-
blot analysis was performed with antibodies against Ysl2p and marker
proteins for ALP (vacuole), porin (mitochondria), phosphoglycerate
kinase (cytosol), Sec61p (ER), and Vpsl0p (late Golgi). (B) The P3
fraction pellet was resuspended in 37% Nycodenz, overlaid with dif-
ferent solutions of Nycodenz, and subjected to equilibrium density
gradient centrifugation. Fourteen fractions were collected from the top
of the gradient, and equal volumes per fraction were analyzed by
immunoblotting with antibodies against Ysl2p, Ypt51p, Vps10p, and
Kex2p using '*I-protein A as a detection system. The bands were
quantified with the phosphorimager (Molecular Dynamics).

average between four and six Ysl2p-positive dots per cell (Fig.
5A and E) that were not visible in cells of an untagged strain
(Fig. 5B). The Ysl2-GFP staining was, however, quite weak.
This suggests that Ysl2p is a protein of low abundance, as
indicated by its rare codon usage, or that only a fraction of
Ysl2p is membrane associated. The dot-like staining is typical
both for endosomes and Golgi elements. To determine
whether the Ysl2p-positive structures were endocytic in nature,
several approaches were chosen. First, we investigated whether
GFP-Ysl2p colocalized with FM4-64, a fluorescent styryl dye
which is transported along the endocytic pathway and whose
excitation-emission spectrum is compatible with GFP for dou-

MoL. CELL. BIOL.

FIG. 5. GFP-Ysl2p is localized to punctate structures. (A and B)
BS819 (homozygous diploid for YSL2::GFP) (A) and RH1201 (B) cells
were processed for fluorescence microscopy as described in Materials
and Methods. Images were obtained by fluorescence (left) and No-
marski optics (right). Bar (applies to all panels), 10 um. (C) After
BS819 cells were labeled with FM4-64 for 30 min at 0°C, cells were
resuspended in SD prewarmed to 15°C to allow the accumulation of
FM4-64 during a 30-min incubation. Subsequently, cells were col-
lected, resuspended in fresh medium, and photographed within 2 min
with appropriate filters for GFP (left) and FM4-64 (right) fluores-
cence. (D) BS819 cells were incubated with FM4-64 as described for
panel C with the difference that FM4-64 was internalized at 30°C for 30
min to allow transport of FM4-64 to the vacuole. (E to G) BS819 (wild
type; E), BS953 (vps27; F), and BS817 (sec7; G) cells were grown at
25°C. BS819 and BS953 cells were directly used to analyze the pattern
of GFP-Ysl2p fluorescence as described for panel A. BS817 (sec7) cells
were harvested, resuspended in YP medium prewarmed to 37°C con-
taining 0.1% glucose, and incubated at 37°C for 2 h to induce the Golgi
defect caused by mutant sec7. Subsequently, cells were viewed as de-
scribed for panel A.

ble-fluorescence studies. After binding at 0°C, FM4-64 was
internalized at 15°C to cause its accumulation in early and late
endosomes, which appear as punctate structures distributed
throughout the cell (55). As shown in Fig. 5C, FM4-64 fluo-
rescence obtained after internalization at 15°C colocalized in
several cases with GFP-Ysl2p fluorescence. This colocalization
was not observed when FM4-64 was internalized at 30°C for 30
min and therefore delivered to the vacuole (Fig. 5D).

As a second test we took advantage of the observation that
in vps class E mutants, such as vps27, the prevacuolar compart-
ment forms the aberrant endosomal class E compartment,
which appears as a single, abnormally enlarged structure in
proximity to the vacuole (40). If the YsI2-GFP fusion protein
resides on endosomal elements, the punctate structures should
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FIG. 6. ARLI reveals multiple genetic interactions with YSL2. (A) Aysi2 (BS747) cells were transformed with 2pm plasmids containing either

ARFI, ARF2, ARLI, ARL2, or ARL3. Ura*

transformants were streaked out on YPD and incubated at 37°C. wt, wild type. (B) Pheromone-

stimulated internalization of Ste2p was analyzed in BS694 (Ays/2) cells transformed with either 2um-4ARLI or vector alone as described for Fig.
2A. *, band specifically labeled by the anti-Ste2p serum. (C) LY internalization was analyzed in BS747 (Aysi2) cells, BS747 cells transformed with
CEN-based YSL2 (wild type), and BS747 cells transformed with 2um-4ARL1 as described for Fig. 2B. Cells were visualized by using fluorescence
(right) and Nomarski optics (left). Bar, 10 wm. (D) Ays/2 and Aarll mutations are synthetic lethal. Aysi2 cells (BS695; kan®) were crossed with Aarl]
cells (BS1103; Ura™). Following sporulation and tetrad dissection (47 tetrads, in total), colonies were grown at 25°C. Shown are nine tetrads (1
to 9, each A to D) that were tetratype (T) or nonparental ditype (NPD), based on auxotrophy and resistance to G-418. In all cases, the haploid

progeny predicted to be G-418 resistant and Ura™ failed to grow at 25°C.

become larger and less numerous in the vps27 mutant. As
shown (Fig. 5F), a clear change of GFP-Ysl2p labeling was
indeed observed in vps27 cells. The multiple YsI2p-positive
spots collapsed into a single, larger structure reminiscent of the
class E compartment. Finally, it has been found that a muta-
tion in SEC?7 results in the formation of Golgi stacks, with the
effect that the fluorescence pattern of Golgi markers becomes
larger and less numerous in sec7-shifted cells (37). Upon a 2-h
incubation at 37°C in medium containing a low glucose con-
centration, the fluorescence pattern of Ysl2p-GFP was unaf-
fected in sec7 cells (Fig. 5G) and resembled that of the wild
type. The distinct effects of mutations, together with the find-
ing that GFP-Ysl2p staining colocalized with endocytosed

FM4-64 after internalization at 15°C, strongly supports the
idea that GFP-YsI2p is localized to an endocytic compart-
ment(s) that is accessed by endocytosed material at 15°C and
that is sensitive to mutations in class E VPS genes.

Ysl2p reveals genetic interactions with the Arf-like small
GTPase Arllp. To identify proteins that function together with
Ysl2p or that bypass the requirement for Ysl2p, a screen for
high-copy-number suppressors in cells carrying the ysi2-307
allele was performed. This led to the isolation of clones con-
taining a fragment of chromosome II including the ARL1 gene.
This gene was amplified by PCR, and upon subcloning into a
2pm-based vector it was transformed into ys/2-307 and Aysi2
cells. This demonstrated that ARLI is a high-copy-number
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suppressor of Ays/2 and ysi2-307 cells (not shown) at 37°C (Fig.
6A). ARLI encodes a member of the Arf family of small
GTPases. In yeast four other members of this family exist.
Although none of them was identified as a suppressor of ysi2,
except ARLI, AysI2 cells were transformed with 2pum plasmids
carrying ARF1, ARF2, ARL2, or ARL3 and the ability of each
gene to suppress the growth defect of Aysi2 cells was compared
to that of ARLI. As depicted in Fig. 6A, suppression of Ays/2
cells was exclusively caused by the overexpression of ARL1 and
therefore was highly specific.

Overexpression of ARLI in Aysi2 cells was also able to sup-
press the endocytosis defect shown by the mutant. While Ays/2
cells were strongly delayed in the turnover of Ste2p, in Ays/2-
ARL]I transformants the initial 45- to 47-kDa form of Ste2p
disappeared rapidly upon addition of a-factor and the conver-
sion to the hyperphosphorylated and ubiquitinylated form of
Ste2p occurred more efficiently (Fig. 6B). However, this form
of Ste2p persevered longer than in the wild type.

In addition to the partial restoration of Ste2p degradation,
overproduction of Arllp also suppressed the defect of vacuole
fragmentation exhibited by Aysi2 cells. A large fraction of
Aysi2-ARL1 transformants contained wild-type-like vacuoles,
which accumulated LY after a 1-h incubation at 30°C (Fig. 6C).

To further establish a related function of Ysl2p and Arllp,
we tested for a synthetic genetic interaction between Ays/2 and
Aarll strains. A strain in which the majority of the ARLI gene
was deleted was generated by replacing nucleotides 32 to 625
with the URA3 gene cassette. As reported previously, Aarll
cells grew similarly to wild-type cells under various conditions
(28; B. Singer-Kriiger, unpublished results). However, haploid
progeny that were determined to harbor both Aysi2 and Aarl]
were inviable, indicating a synthetic lethality (Fig. 6D). To-
gether, these genetic data are highly indicative of a close func-
tional relationship between Ys2p and Arllp.

The N-terminal and putative Sec7 domains of YsI2p mediate
the binding to Arllp. The presence of a putative Sec7 domain
within Ysl2p and the genetic interaction between YSL2 and
ARL] suggested that YsI2p may directly interact with Arllp.
This possibility was examined by the two-hybrid method. Re-
porter strain Y190 was cotransformed with various combina-
tions of the YSL2-SEC7 domain and ARLI plasmid constructs
and the activity of B-galactosidase, a reporter enzyme of the
two-hybrid system, was measured. We observed a weak but
clearly measurable interaction of the Ysl2-Sec7 bait with wild-
type Arllp and two point mutants, Arl1™*N and Arl19304,
which, in analogy to Ras and other small GTPases, may keep
Arllp in either the GDP-bound or nucleotide-free form (Fig.
7A). However, a similar interaction was also measured for
Arl1°972% which has a mutation that corresponds to the dom-
inant active mutation in Ras, the Ras?°'™ mutation, which was
shown to keep Ras in the GTP-bound form (6). Very little
interaction between the Ysl2 Sec7 domain and a Ypt5152'™
fusion was observed. Although these results are indicative of
an interaction between the Sec7 domains of YsI2p and Arllp,
but not Ypt51p, it is unclear why the interaction was not
dependent on the presumed nucleotide state of Arllp. It was
found that due to differences in the Arllp crystal structure this
small GTPase has a weaker affinity for Mg?*, and therefore a
stronger affinity for GDP, than most other Arf family members
(2). Therefore, some fraction of the strongly overexpressed
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FIG. 7. YsI2p binds to Arllp via its Sec7 and N-terminal domains.
(A) The Sec7 domain of Ysl2p interacts with Arllp in the two-hybrid
system. Strain Y190 was cotransformed with combinations of pAS1-
Ysl2Sec7 and pACTII-Arllwt, pACTII-18aaArl1™N  pACTII-
18aaArl19%%?, or pACTII-18aaArl1°7*" and pACTII-Ysl2Sec7 and
pAS1-Ypt5152!N, Transformants were streaked out on SD-Leu, -Trp,
and -His plates containing 25 mM 3-amino-1,2,4-triazole and analyzed
for B-galactosidase activity as described in Materials and Methods. The
values are the averages of three to five independent experiments with
triplicate assays per transformant. Error bars, standard deviations. wt,
wild type. (B) GST-Ysl2Sec7 and GST-Ysl2Nterm bind to in vitro-
translated Arl1™*N, Recombinant GST (10 wg; lane 1 and 6), GST-
YsI2Nterm (9.6, 19.2, and 38.4 pg in lanes 2 to 4 and 7 to 9, respec-
tively), and GST-Ysl2Sec7 (30 pg; lanes 5 and 10) were purified from
BL21 cells and immobilized onto glutathione-Sepharose beads. Af-
ter incubation with *°S-labeled in vitro-translated Arl1™N or
—18aaArl1™?N, the beads were washed and bound proteins were
eluted by boiling them in SDS-PAGE sample buffer and separated by
SDS-PAGE. Gels were either stained with Coomassie brilliant blue
(Co) to reveal the GST fusions or processed for autoradiography (Au)
to visualize Arl1™?N and —18aaArl1™?N. Quantitation of bound
Arl12N and —18aaArl1 3N was performed with the phosphorimager.
x1, full-length GST-YsI2Nterm; *2, full-length GST-Ysl2Sec7.

Arll fusions may be bound to GDP in spite of the Q72L
mutation and may interact with the YsI2 Sec7 domain. Another
possibility is that the Ysl2 Sec7 domain is not sufficient to
distinguish between different nucleotide states of Arllp.
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FIG. 8. Aarll cells missort p2-CPY and are delayed in the degra-
dation of Ste2p and a-factor. (A) BS64 (wild type [wt]) and BS1005
(Aarll) cells were labeled for 5 min at 30°C with [**S]methionine (lanes
1 and 5). Methionine was then added to initiate the chase for 5 (lanes
2 and 6), 10 (lanes 3 and 7), and 25 min (lanes 4 and 8). At each time
point, aliquots of cells were removed and converted to spheroplasts
after the medium (fraction E; lanes 5 to 8) was separated from the cells
(fraction I lanes 1 to 4). Fractions I and E were processed for immu-
noprecipitation with anti-CPY antibodies and analyzed by SDS-
PAGE. p1, ER form; p2, Golgi form; m, mature form. (B) LY uptake
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To confirm the two-hybrid interactions biochemically, we
measured the binding of bacterially expressed recombinant
GST-Ysl2p fusions to in vitro-translated Arllp mutant pro-
teins. For this purpose, two GST fusion proteins containing
either amino acids 2 to 514 of Ysl2p (GST-YsI2Nterm, includ-
ing the Sec7 domain) or the Sec7 domain alone (GST-
Ysl2Sec7, amino acids 211 to 514) were purified. The GST-
Ysl2p fusion proteins or GST alone was immobilized on
glutathione-Sepharose beads, and the binding of in vitro-trans-
lated full-length Arl1™*N and —18aaArl1™?N, lacking its 18
amino-terminal amino acids, was measured. Because both
GST-Ysl2p fusions (Fig. 7B; Coomassie stained gel) were par-
tially degraded, increasing amounts of GST-YsI2Nterm were
used in the binding assay to reach higher molar concentrations
of undegraded GST fusions (Fig. 7B, lanes 2 to 4 and 7 to 9).

Consistent with the data from the two-hybrid system,
—18aaArl1™*N was found to be recruited by GST-YsI2Sec7
(Fig. 7B, lane 10) and, to a twofold-greater degree, by GST-
YsI2Nterm (lane 9). No or very little binding of
—18aaArl1™* or full-length Arl1™*N to GST alone was
found (lanes 6 and 1, respectively), even when GST was used
at molar concentrations equivalent to those of the potential
GST-Ysl2p breakdown products in lanes 4 and 9. Upon addi-
tion of a quantity of full-length Arl1™7>*" similar to the quantity
of added —18aaArl1™?N, a striking increase in the binding, in
particular to GST-YsI2Nterm, was observed (compare lanes 2
to 4 with lanes 7 to 9). The recruitment of Arl1™*N by GST-
YsI2Nterm occurred in a concentration-dependent manner.
Again, full-length Arl17* was found to bind more efficiently
to GST-YsI2Nterm than to GST-Ysl2Sec7 (compare lanes 2 to
4 with 5), even at low concentrations of GST-YsI2Nterm (lane
2). Therefore, even though the Sec7 domain of YsI2p appeared
to be sufficient for binding to Arllp, the additional presence of
the N-terminal domain of Ysl2p strongly enhanced the binding
to Arllp. Moreover, it can be concluded that the N-terminal
helix of Arllp, which is involved in myristylation (28) and
which may interact with membranes and effectors, strongly
facilitated the binding to YsI2p. The observed interaction be-
tween Arllp and YsI2p was most likely direct, unless the re-
ticulocyte lysate contained a conserved molecule that could
substitute for the corresponding yeast homolog during com-
plex formation between Ysl2p and Arllp.

Arllp is required for endocytosis and biosynthetic sorting of
CPY to the vacuole. The fact that ARLI interacted with YSL2
suggested that, similar to Ysl2p, the small GTPase may func-
tion in endocytosis and vacuole biogenesis. In a recent study,

in BS64 and BS1005 cells was monitored as described for Fig. 2B. Pho-
tographs were taken with identical exposure times by using fluorescence
(left) and Nomarski optics (right). (C) Ste2p internalization assays were
performed with BS64 and BS1005 cells at 30°C as described for Fig. 2A.
*, band specifically labeled by the anti-Ste2p serum. (D) The degradation
of intact and internalized *>S-a-factor was quantified in strains BS64 (wild
type), BS1005 (Aaril), BS694 (Aysi2), BS1023 (ys/2-307), and BS1024
(ysI2-316) as described in Materials and Methods subsequent to internal-
ization periods of 1, 7.5, 15, 30, and 45 min at 30°C. After an initial
increase in intact, internalized a-factor the data gave a linear decay curve
on a logarithmic scale. The half-lives necessary to degrade 50% of the
remaining intact a-factor were 4.2 (BS64), 10.7 (BS1005), 15.7 (BS694),
15 (BS1023), and 13.2 min (BS1024).
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the Aarll null mutant was reported to exhibit no defect in
ER-to-Golgi and intra-Golgi transport (28). Therefore, we
characterized the Aarll deletion strain with respect to traffick-
ing within the endosomal system. Aarll cells cosegregated with
a release of CPY to the extracellular medium (data not
shown). To determine whether this was due to missorting via
the secretory pathway, pulse-chase labeling with [**S]methi-
onine and immunoprecipitation were performed to monitor
the biogenesis and sorting of CPY. In Aarll cells, CPY was
processed with kinetics that were similar to those of the wild
type (Fig. 8A). However, a small but clearly detectable fraction
of Golgi-modified p2CPY was missorted to the extracellular
medium (11% of total CPY). This fraction of secreted CPY
was similar to that missorted by Ays/2 cells.

Although the morphology of Aarll vacuoles appeared simi-
lar to that of wild-type vacuoles, upon endocytosis of fluid
phase marker LY, mutant vacuoles accumulated less dye than
those of the wild type (Fig. 8B). To determine whether the
endocytic delivery of a plasma membrane receptor to the vac-
uole may also be defective, we monitored the turnover of
Ste2p. As shown in Fig. 8C, we found that the ligand-induced
degradation of Ste2p was delayed in the Aarl/ mutant com-
pared to that for the wild type. The time necessary to fully
degrade the intact 45- to 47-kDa form of Ste2p increased to
more than 120 min in the Aarll mutant, while in the wild type
after 60 min this band was absent, and the degradation of the
hyperphosphorylated and polyubiquitinylated form was also
delayed (Fig. 8C). A quantitative analysis of the time necessary
to degrade internalized **S-labeled a-factor in Aarl] cells com-
pared to that for the wild type and ys/2 mutants also confirmed
that deletion of ARLI caused a delay in endocytic pheromone
turnover (Fig. 8D). In comparison to the times for Aysl2, ysi2-
307, or ysI2-316 strains, the delay was, however, less striking
(Fig. 8D). Together, these results corroborate the LY data and
suggest a function for Arllp in trafficking within the endosomal
system.

DISCUSSION

Ysl2p reveals structural homology to high-molecular-weight
Arf GEFs. In this study we characterize a novel yeast protein,
Ysl2p, which reveals significant sequence homology to the Sec7
family of Arf GEFs. Members of this family form two major
classes. While the smaller (<100 kDa) Sec7 GEFs, including
for example ARNO, cytohesin-1, and EFAG6, have to date only
been identified in higher eukaryotes, the larger Sec7 family
members (>100 kDa) have orthologs in all eukaryotes exam-
ined and are therefore suggested to play highly conserved roles
in membrane dynamics (22). Four Sec7 domain proteins of this
class in Saccharomyces cerevisiae were previously described:
Sec7p (12), Gealp, Gea2p (38), and Sytlp, the last one being
the most distant relative (23). The studies presented here,
provided three lines of in silico evidence to support the idea
that Ysl2p represents yet another high-molecular-weight Sec7
family member. First, multiple sequence alignment of the 284-
amino-acid putative Sec7 domain of YsI2p with 24 other Sec7
domains revealed a remote but significant homology to this
domain. Second, secondary structure prediction analysis pre-
dicted the existence of 10 a-helices within the putative Sec7
domain of Ysl2p, identical with the number of a-helices found
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in the crystal structure of the ARNO Sec7 domain. Thus, in
spite of the remote sequence identity (i.e., the absence of a
conserved glutamate located at position 156 in the ARNO
Sec7 domain [4]), the underlying structural propensity of this
domain is highly similar to those of other Sec7 domains. Fi-
nally, the homology to Sec7 family members was not restricted
to the Sec7 domain but was also apparent within the region
located amino terminally to it. Even though the function of this
novel highly conserved N-terminal domain of Ysl2p (amino
acids 1 to 175) and other Sec7 GEFs such as BIG1 and BIG2
is unknown, our biochemical data (see below) suggest that it
may also be implicated in the formation of complexes with
Arf/Arl family members.

Ysl2p reveals functional homology to Sec7 family members.
Our genetic and biochemical data clearly suggested that YsI2p
interacts with the Arf family member Arllp. The defect of the
Aysl2 strain in growth, endocytosis, and vacuole biogenesis
could be suppressed specifically by the overexpression of
Arllp, but not that of other Arl proteins, and Aysi2 Aarll
double mutants displayed synthetic lethality at 25°C, which is
permissive for growth of the single mutants. Evidence in sup-
port of a direct interaction between Ysl2p and Arllp was
provided by the two-hybrid system and an in vitro binding
assay. While the presence of the Sec7 domain was sufficient to
detect a weak interaction with Arllp, the additional presence
of the N-terminal domain of YsI2p significantly enhanced the
binding to Arllp, in particular to the full-length protein. Since
the N-terminal domain is a second sequence element of YsI2p
with homology to large Sec7 GEFs such as BIG1 and BIG2,
the enhanced binding implies that this region may generally be
important for the interaction of related Sec7 family members
with Arf/Arl small GTPases. Interestingly, the interaction be-
tween Ysl2p and Arllp was also highly sensitive to the pres-
ence of the amino terminus of Arllp. This domain of Arf/Arl
family members is a nucleotide-sensitive region with a co-
valently attached myristate which acts as a “myristoyl switch”
to coordinate activation (GTP binding) with translocation onto
a membrane (5). In fact, the recent structural resolution of
Arllp (2) and the finding that Arllp is myristylated (28) indi-
cate that the amino terminus of Arllp is structurally similar to
that of other Arf family members and therefore may also act as
a myristoyl switch. Our finding that it enhances the formation
of a complex with YsI2p is also be in agreement with evidence
suggesting that the amino terminus of Arf family members may
influence the binding to effectors which can increase the stoi-
chiometry of the binding of GTP to Arf proteins (25, 60).

Even though evidence for nucleotide exchange activity, most
likely toward Arllp, has still to be provided, additional hints
support the notion that YsI2p could be involved in such an
activity. First, systematic analysis of all S. cerevisiae deletion
mutants for drug sensitivity has revealed that Ays/2 cells exhibit
an increased sensitivity for the drug BFA, a fungal toxin that
acts as an uncompetitive inhibitor stabilizing an Arf-GDP-
Sec7-GEF protein complex (39). The increased BFA sensitivity
of Aysi2 cells would be consistent with the idea that, like the
other yeast Sec7 family members, Ysl2p represents a target for
BFA (23, 39). Second, Aysi2 cells and cells carrying the tem-
perature-sensitive alleles ys/2-307 and ysl2-316 reveal highly
fragmented vacuoles. The drastic breakdown of the vacuolar
compartment that occurred immediately upon inactivation of
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Ysl2p is reminiscent of the loss of organelle identity, in par-
ticular of the Golgi, immediately observed after BFA treat-
ment (27). Thus, an intriguing explanation for the loss of vac-
uole integrity upon temperature inactivation of YsI2p could be
the inhibition of an activity that resembles Arf-GEF. There
could be multiple reasons for the apparent absence of nucle-
otide dependence in the two-hybrid interaction between the
Ysl2 Sec7 domain and Arllp. One possibility is that the Sec7
domain of Ysl2p may not be sufficient to distinguish between
different nucleotide states of Arllp. This would be consistent
with the observation that the genetic interaction between full-
length YSL2 and ARLI was dependent on the nucleotide state
of Arllp (B. Singer-Kriiger, unpublished observation).

Ysl2p has a direct function in endocytosis and in the main-
tenance of vacuole integrity. In this study we show that YsI2p
is required for the endocytic transport of Ste2p and a-factor to
the vacuole, where degradation occurs. The Ays/2 strain exhib-
ited almost no ligand-induced degradation of Ste2p and a
strongly reduced rate of a-factor degradation. Furthermore,
the temperature-sensitive ys/2-307 and ys/2-316 mutants were
clearly defective in the turnover of Ste2p and a-factor even at
their permissive growth temperature. At this temperature, se-
cretory functions such as the processing of CPY and the se-
cretion of invertase were unimpaired and the vacuolar sorting
of CPY was only marginally affected. The block in Ste2p turn-
over appeared more pronounced in Ays/2 mutants than in the
temperature-sensitive ys/2 mutants, while a-factor degradation
was delayed similarly in these strains. Since ubiquitinylation of
Ste2p, which plays an important role in sorting within the
endosomal/vacuolar compartment, appeared to be more re-
duced in Ays/2 than in the ys/2 temperature-sensitive mutants,
it is possible that this could explain the more extensive stabi-
lization of membrane-bound Ste2p. Consistent with a localiza-
tion of Ysl2p on endosomal elements, the YsI2p staining was
sensitive to a mutation in VPS27 but not in SEC?7. In addition,
GFP-tagged Ysl2p colocalized with endocytosed FM4-64. Col-
lectively, these data strongly support a major role for Ysl2p in
endocytic trafficking.

Using several experimental strategies, we also show that
Ysl2p has a function in the process that controls the structural
maintenance of the vacuolar compartment. In vivo studies us-
ing the temperature-sensitive ys/2-307 and ys/2-316 mutants
demonstrated that fragmentation, evident both by light and
electron microscopy, is an immediate and thus most likely a
direct consequence of inactivation of YsI2p. Consistent with
that, an in vitro assay that measures homotypic fusion between
vacuoles (17) revealed a strong deficiency in the fusogenic
activity of Aysl2 vacuoles (A. Jochum and B. Singer-Kriiger,
unpublished results). In support of the idea that YsI2p and
Arllp collaborate in a common process, a partial restoration of
vacuole fusion could be observed both in vivo and in vitro upon
the overexpression of Arllp in the Ays/2 strain. However, since
Ysl2p was not detected on vacuoles by subcellular fraction-
ation (Fig. 4A) (S. Wicky and B. Singer-Kriiger, unpublished
results) and microscopy (Fig. 5), it may not be a component of
the fusion machinery and therefore may not be directly re-
quired for the fusion reaction. Rather, it is conceivable that
Ysl2p is necessary to provide components that are directly
involved in the fusion reaction.

Consistent with our data that revealed an interaction be-
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tween Ysl2p and Arllp, it appears that Arllp also functions in
endocytosis and vacuolar protein sorting. Therefore, our work
provides the first evidence for the implication of an Arl family
member in the process of endocytosis.

Ysl2p displays a genetic interaction with Aypt51 cells. Orig-
inally, ys/2-1 was identified due to its synthetic lethality with the
Aypt51 strain (49). Consistent with that, similar genetic inter-
actions between genes encoding several other Arf GEFs and
Rab/Ypt family members have been observed (23). Since
members of the Sec7 family were not found to act as GEFs for
the Ypt GTPases, it was suggested that Arf and Ypt GTPases
may interact in a regulatory cascade (23) similar, for example,
to the one in which the small GTPases Budlp and Cdc42p are
linked via the Cdc42p GEF, Cdc24p, to control bud formation
(59). Our findings lend further support of Ypt-Arf GTPase
cascades, in which, for example, Arllp and/or other Arf family
members and endocytic Ypts may be linked through the action
of accessory proteins, such as Ysl2p, to regulate endocytosis
and vacuole biogenesis. The challenge now is to determine the
mechanism by which Arfs, Ypts, and GEFs interact to regulate
different aspects of endocytosis and vacuole biogenesis.
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